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0DRHWDO ZKLFKPD\EHRI WKHRUGHURI WHQVRI
WKRXVDQGVLQSUDFWLFH
7KHEHDPFRQILJXUDWLRQ VHOHFWHG IRU WKLV VWXG\ LV WKH VDPHDV WKHRQH UHSRUWHG LQ OLWHUDWXUH =KLZHL;XHW DO
 7KHSDUWLFOHV DUH ILOOHG LQ WKHGULOOHG ORQJLWXGLQDO KROHV DQG WKH GDPSLQJ LV DFKLHYHGGXH WR VKHDU IULFWLRQ
LQGXFHGE\VWUDLQJUDGLHQWDORQJWKHOHQJWKRIWKH EHDP VWUXFWXUH =KLZHL;XHWDO ([SHULPHQWV KDYH EHHQ
SHUIRUPHG WRGHWHUPLQH WKH 'DPSLQJ5DWLR '5 IRU WKH GLIIHUHQW FRPELQDWLRQRI V\VWHPSDUDPHWHUV OLNH3DUWLFOH
6L]H 36 3DFNLQJ 5DWLR 35 DQG 3DUWLFOH'HQVLW\ 3' LQ D EHDP ,Q RUGHU WR REWDLQ WKH UHODWLRQVKLS EHWZHHQ
V\VWHPSDUDPHWHUVDQGGDPSLQJUDWLR EDVHGRQWKHH[SHULPHQWDOGDWDDJRRGPRGHOLQJLVUHTXLUHGKHQFH $UWLILFLDO
1HXUDO1HWZRUN$11 LV GHYHORSHG 7KH$11LV D PDSSLQJ WHFKQLTXHIRUIXQFWLRQDSSUR[LPDWLRQ SUREOHP DQGLW
KDVEHHQ XVHG LQ YDULRXV HQJLQHHULQJDSSOLFDWLRQV 3DUODNHW DO  7KHPXOWLOD\HU IHHG IRUZDUGQHWZRUNZLWK
EDFNSURSDJDWLRQWUDLQLQJDOJRULWKP FDOOHG%31QHWZRUN DQG5DGLDO %DVLV)XQFWLRQ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QHWZRUN DUH GHYHORSHG
IRUWKLVDSSOLFDWLRQ 7KHFRPSDULVRQVWXGLHVRI%31DQG5%)DUH PDGH ZLWK UHVSHFWWRSUHGLFWLRQDFFXUDF\
7KH $11ZLWK EHWWHUDFFXUDF\ DQGOHVVFRPSXWDWLRQDOHIIRUW LVXVHGWRSUHGLFWWKHGDPSLQJUDWLRIRUWKHHQWLUH
UDQJHRILQSXW 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 WRHVWDEOLVKWKHUHODWLRQVKLSEHWZHHQ WKHGDPSLQJUDWLR DQGV\VWHPSDUDPHWHUV7KLV












7KHVL]HRIWKHEHDPLVPP/[PP:[PP+7KHEHDPLVGULOOHGZLWKWKUHH KROHVHDFK RI 
PP OHQJWKZLVH DQG WKHRSHQHQGV DUHWDSSHG DVVKRZQLQ)LJ 7KHPDVVRIWKHVROLGEHDPLV NJDQGEHDP
ZLWK KROHVLV NJ=KLZHL;XHWDO KDYHFKRVHQ WKHEHDPPDWHULDODVPLOGVWHHOZKHUHDVWKLVSDSHUGHDOV
ZLWK DOXPLQLXP DOOR\ PDWHULDO EHFDXVH RI LWV UHOHYDQFH WR VSDFH DSSOLFDWLRQ ,W LV NQRZQ WKDW WKH GDPSLQJ
SHUIRUPDQFHLVEHWWHUIRUKLJKHU GHQVLW\PHWDOSDUWLFOHVVXFKDVOHDGRUWXQJVWHQZKHUHDVLQWKLVSDSHUWKUHHGLIIHUHQW
SDUWLFOH PDWHULDOV XVHG LQ WKLV VWXG\ DUH 6WDLQOHVV 6WHHO 66 DQG 66 JUDGHV DQG $OXPLQLXP $OOR\ 7KH
SDUWLFOHGHQVLWLHVRIDOXPLQLXPDOOR\66DQG66DUHNJPNJP DQG NJP UHVSHFWLYHO\
7KRXJK VWDLQOHVV VWHHO DQG DOXPLQLXP DOOR\ SDUWLFOH GHQVLWLHV DUH OHVVHU WKDQ OHDG DQG WXQJVWHQ EXW VWLOO LW LV
FRQVLGHUHGIRUWKLV H[SHULPHQWDOVWXG\ GXHWRWKHIROORZLQJUHDVRQV L WRPLQLPL]HWKHPDVVUDWLRUDWLRRIPDVVRI
SDUWLFOHVWRPDVVRIEHDP LL VSDFHKHULWDJH LLL ORZFRVW DQG LY HDVLO\DYDLODEOH 7KHVHPHWDOSDUWLFOHVDUHILOOHG
SDUWLDOO\RUZKROO\LQVLGHWKHGULOOHGKROHV
)LJ  %HDPZLWKKROHV )LJ3KRWRJUDSKRI DOXPLQLXPDOOR\EHDPZLWKDFFHOHURPHWHU
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 7HVWVHWXSDQGSURFHGXUH
7KH IUHH ± IUHHERXQGDU\FRQGLWLRQLVXVHG LQ WKLVVWXG\DQGWKH EHDPLVH[FLWHGXVLQJDQLPSDFWKDPPHU7KUHH
GLIIHUHQW ORFDWLRQV RQ WKH EHDP DUH FKRVHQ IRU PHDVXULQJ WKH EHDP UHVSRQVHV 7KH ORFDWLRQ RI H[FLWDWLRQ DQG
UHVSRQVHPHDVXUHPHQWV DUH WKH VDPH UHSRUWHG LQOLWHUDWXUH =KLZHL ;X HWDO 7KHH[SHULPHQWLVFDUULHGRXWRQ
WKH VROLG EHDP ZLWKRXW KROHV WKH EHDPZLWK GULOOHG KROHV ZLWKRXW DQ\ SDUWLFOHV DQG WKH EHDPZLWK GLIIHUHQW
SDUWLFOHDUUDQJHPHQWVFRPELQDWLRQRI35 DQG 36
6HYHUDO WHVWV KDYHEHHQ FRQGXFWHG ZLWK GLIIHUHQWSDUWLFOHDUUDQJHPHQWV VXFKDV L 66SDUWLFOHVRIGLIIHUHQW
SDUWLFOH VL]HV  PP  PP  PP DQG  PP DUH ILOOHG LQVLGH WKH KROHV ZLWK GLIIHUHQW YROXPHWULF
SDFNLQJUDWLRVDQG LL66DQG $OXPLQLXP$OOR\SDUWLFOHVRIGLIIHUHQW SDUWLFOH VL]HV 
PPDQG  PP DUH ILOOHG LQVLGH WKH KROHVZLWK GLIIHUHQW YROXPHWULF SDFNLQJ UDWLRV    DQG
 7KHYROXPHWULFSDFNLQJUDWLRLVGHILQHGDVWKHUDWLREHWZHHQSDUWLFOHVILOOHGDQGWRWDOYROXPHRIFRQWDLQLQJ
KROH 7KHSDUWLFOHVL]HDQGILOOLQJDUHLGHQWLFDOIRUDOOWKUHHKROHV LQWKHEHDP IRUHDFKWHVW 7KH )5)¶VDUHPHDVXUHG




DQG DFWLYDWLRQ IXQFWLRQ IRU WKH KLGGHQ OD\HUV LQ RUGHU WR REWDLQ WKH EHWWHU SUHGLFWLRQ RI GDPSLQJ UDWLR DQG ZLWK
DFFHSWDEOHWHVWLQJHUURU 7KHLQSXWVIRU%31DUH363'35 DQG GLIIHUHQWEHQGLQJPRGHV0 DQGWKHRXWSXWLV'5
7KHWUDLQLQJDOJRULWKPXVHGLV/HYHQEHUJ0DUTXDUGW7KHH[SHULPHQWDOGDWDDUHSDUWLWLRQHGLQWR  WUDLQLQJDQG
 WHVWLQJ7KHWHVWLQJGDWDVHW LV XVHGIRUWKHYDOLGDWLRQRIWKHWUDLQHGQHWZRUN2QHRIWKH %31RI  IRXU
QXPEHU RILQSXW QHXURQVLQLQSXW OD\HU VLPLODUIRURQHRXWSXWQHXURQLQRXWSXWOD\HU VWUXFWXUHLVVKRZQLQ)LJ LV
WUDLQHGZLWK LQSXW DQG RXWSXW SDWWHUQV RI WKH WUDLQLQJ GDWD VHW E\ WULDO DQG HUURUPHWKRG7KH GHIDXOW WHUPLQDWLRQ
FULWHULDLVXVHGWR WHUPLQDWHWKHWUDLQLQJSURFHVV +D\NLQ6 SUHVHQWHGWKHGHWDLOVRI%31
)LJ  %31  VWUXFWXUH )LJ  6WUXFWXUHRI 5%)QHXUDO QHWZRUN
 5%)1HXUDO1HWZRUN
5%)QHXUDOQHWZRUNLVDSRZHUIXO DOWHUQDWLYHWR%31QHXUDOQHWZRUNIRUIXQFWLRQ DSSUR[LPDWLRQ SUREOHP7KH
EDVLFVWUXFWXUHRIUDGLDOEDVLVIXQFWLRQQHXUDOQHWZRUN LVVKRZQLQ)LJ7KHUHDUHWKUHHOD\HUV LQWKHQHWZRUN DQG
WKH\DUHLQWHUFRQQHFWHGZLWKIHHGIRUZDUGFRQQHFWLRQV7KLVQHWZRUNLVWUDLQHGLQWKUHHVWDJHV0RRG\ HWDO 
5HGG\ HWDO DQGWKHWUDQVIHUIXQFWLRQRILQGLYLGXDOQHXURQLVUDGLDOO\V\PPHWULF7KHQHXURQFRUUHVSRQGV WR
LQSXWOD\HUDUH 363'35DQG 0WKH ZHLJKWOHVVFRQQHFWLRQV IURPLQSXWOD\HU ZLOOEH SDVVHGWRWKHVHFRQGOD\HU
KLGGHQ OD\HU WKH QRGHV LQ WKH KLGGHQ OD\HU FRPSXWHV WKH DFWLYDWLRQ IXQFWLRQ 7KHPRVW SRSXODU UDGLDO IXQFWLRQ
*DXVVLDQ IXQFWLRQ LV XVHG IRU DFWLYDWLRQ IXQFWLRQ 7KLV IXQFWLRQ GHSHQGV RQ WZR SDUDPHWHUV &HQWURLG DQG
6SUHDG  7KH HTXDWLRQ  LV XVHG WR FDOFXODWH WKH RXWSXW IURP *DXVVLDQ QHXURQ IURP DQ LQSXW  7KH
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ZKHUH LVWKHZHLJKWYHFWRULQWKHRXWSXWOD\HUIRUWKH RXWSXWQRGHDQG LVWKHUDGLDOEDVLVIXQFWLRQRI
QRGH5DMHQGUD0DFKDYDUDPHWDO 
 ([SHULPHQWDOWHVWUHVXOWV
7KHQDWXUDOIUHTXHQFLHVRIVROLGEHDPIRUWKHILUVWVL[EHQGLQJPRGHVDUH REWDLQHGE\WHVWDUH DW +]
+]+]+]+]DQG +] $ W\SLFDO SORW RXW RIPDQ\)5)UHVSRQVHV REWDLQHGXVLQJSDUWLFOH
GDPSHUVRIGLIIHUHQWVL]HVZLWKGLIIHUHQWSDFNLQJUDWLRV DWYDULRXV EHQGLQJ PRGHVDUHVKRZQLQ)LJ 
7KH HIIHFW RI 66 SDUWLFOH VL]H RI PP ZLWK GLIIHUHQW SDFNLQJ UDWLRV    DQG  LQ
FRPSDULVRQZLWK VROLG EHDP DW YDULRXV IUHTXHQF\ UDQJHV DUH VKRZQ LQ )LJ  D 7KH HIIHFW RI 66 SDUWLFOH
 PP  PP  PP DQG   PPZLWKSDFNLQJUDWLRRILQ FRPSDULVRQZLWKVROLGEHDPDWYDULRXV
IUHTXHQF\ UDQJHV DUH VKRZQ LQ)LJ  E 7KHHIIHFWRIGLIIHUHQWSDUWLFOH PDWHULDO $OXPLQLXPDOOR\66DQG
66 IRUWKH SDUWLFOHVL]HRI PPDWYDULRXVIUHTXHQF\UDQJHV DUH LOOXVWUDWHGLQ)LJ  F 7KHGDPSLQJUDWLR
FDOFXODWHG IURPWKH YDULRXV H[SHULPHQWVFRQGXFWHGZLWK GLIIHUHQWSDUWLFOHDUUDQJHPHQWVDUHJLYHQLQ 7DEOH
D
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66         
66         
66         
66         
$OXPLQLXP         
$OXPLQLXP         
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 5HVXOWV RI %31DQG 5%)WHVWLQJSHUIRUPDQFHV
9DULRXVFRPELQDWLRQVRIKLGGHQOD\HUVDQGQXPEHURIQHXURQVLQKLGGHQOD\HUVDUHVWXGLHGLQRUGHUWRREWDLQ WKH
EHVWSUHGLFWLRQFDSDELOLW\ LQ%31 7KHVXPPDU\RI%31 SHUIRUPDQFHV IRU WKH GLIIHUHQWFRPELQDWLRQV RIQHWZRUN
SDUDPHWHUV DUHJLYHQLQ7DEOH7KHVXPPDU\RI5%)WHVWLQJSHUIRUPDQFH LVVKRZQLQ7DEOH 7KH SUHGLFWLRQRI
%31DQG5%)WRDFWXDOYDOXHIURPWHVWLQJGDWDVHWLV VKRZQLQ)LJ D DQG )LJ E UHVSHFWLYHO\ 7KHUHJUHVVLRQ
SORWVRI %31DQG5%) IURP WHVWLQJGDWDVHW DUHJLYHQLQ)LJ DDQG )LJ E UHVSHFWLYHO\ 7KH FRPSDULVRQRI
%31DQG5%)SUHGLFWLRQ ZLWK UHVSHFWWR DFWXDO IURPWHVWLQJGDWDVHW LVVKRZQLQ)LJ,W LVFOHDUO\VHHQWKDW WKH
5%) QHXUDO QHWZRUNKDVSUHGLFWHG WKH'5ZLWK53' LQFRPSDULVRQZLWK%31 QHXUDOQHWZRUN DQG
KLGGHQOD\HUQHXURQVZLWK53'KHQFH5%)SUHGLFWLRQFDSDELOLW\LVEHWWHU
7DEOH  6XPPDU\RI%31SHUIRUPDQFH
1XPEHURI 1XPEHURI +LGGHQOD\HUV 7HVWLQJ(UURU
KLGGHQ OD\HUV 1HXURQV WUDQVIHUIXQFWLRQ 0HDQ6TXDUH &RHIILFLHQWRI 5HODWLYH3HUFHQW
(UURU06( 'HWHUPLQDWLRQ  'HYLDWLRQ 53'
  ORJVLJPRLG   
  WDQVLJPRLG   
  WDQVLJPRLG   
  WDQVLJPRLG   
 	 WDQVLJPRLG   
 	 WDQVLJPRLG   
 	 ORJVLJPRLG   
 	 ORJVLJPRLG   
 	 ORJVLJPRLG   
 	 WDQVLJPRLG   
 	 ORJVLJPRLG   





)LJ  D%31 SUHGLFWLRQ WRDFWXDOIURP WHVWLQJGDWD VHWE 5%)SUHGLFWLRQ WRDFWXDOIURP WHVWLQJ GDWD VHW
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D E
)LJ  D %31UHJUHVVLRQSORW IURP WHVWLQJ GDWD VHWE 5%)UHJUHVVLRQSORW IURP WHVWLQJ GDWD VHW
)LJ &RPSDULVRQRI%315%) 3UHGLFWLRQVWRDFWXDOYDOXHVIURP WHVWLQJGDWDVHW
 5HODWLRQVKLS EHWZHHQ'DPSLQJ5DWLRDQG3DFNLQJ5DWLRIRU66SDUWLFOHVILOOHG
7KH WUDLQHG QHWZRUN LV XVHG IRU WKH SUHGLFWLRQ RI GDPSLQJ UDWLR LQ WKH HQWLUH UDQJH RI LQSXW SDUDPHWHUV
%DVHGRQWKHVHSUHGLFWLRQVWKHUHODWLRQVKLSEHWZHHQGDPSLQJUDWLRDQGSDFNLQJUDWLRDUHREWDLQHG ,WLVNQRZQWKDW
WKHGDPSLQJSHUIRUPDQFHLVGHSHQGV RQSDFNLQJUDWLR 7KHHIIHFWRI SUHGLFWHG GDPSLQJUDWLRZLWKUHVSHFWWRSDFNLQJ
UDWLR IRU WKH YDULRXV FRPELQDWLRQV RISDUWLFOHVL]HV IRUWKHEHQGLQJPRGHV RIDQG  DUHVKRZQLQ)LJ D  )LJ
 F $W0RGHWKHGDPSLQJUDWLRLV KLJKHUDWORZHUSDFNLQJUDWLR 7KHGDPSLQJUDWLRLQFUHDVHV DW KLJKHUSDFNLQJ
UDWLRDWKLJKHUIUHTXHQFLHV ,WFDQEHVHHQIURP)LJ  G WKHGDPSLQJUDWLRLVKLJKHUDWORZHUSDFNLQJUDWLR DWORZHU
IUHTXHQF\ DQGKLJKHUDW KLJKHUSDFNLQJUDWLRDW KLJKHUIUHTXHQFLHV
D E
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F G
)LJ  9DULDWLRQRI GDPSLQJ ZLWKSDFNLQJ UDWLR D0RGHE0RGHF0RGHG )UHTXHQF\ 9V 3DFNLQJ5DWLR
 5HODWLRQVKLSEHWZHHQ'DPSLQJ5DWLRDQG3DUWLFOH6L]HIRU66SDUWLFOHVILOOHG
7KLVLVDQRWKHUV\VWHPSDUDPHWHUZKLFKDIIHFWV WKHGDPSLQJSHUIRUPDQFH 7KHHIIHFWRI SUHGLFWHG GDPSLQJ
UDWLR ZLWKUHVSHFWWRSDUWLFOHVL]HIRUYDULRXV FRPELQDWLRQV RISDFNLQJUDWLRVIRUWKHEHQGLQJPRGHV RI DQG  DUH
VKRZQLQ)LJ D  )LJ F ,Q WKH ILUVWPRGHWKHGDPSLQJUDWLRLV KLJKHUDWORZHUSDUWLFOHVL]HDQG DW DOOWKH
KLJKHUPRGHV WKHYDULDWLRQRIGDPSLQJUDWLRLVOHVVHUZLWKUHVSHFWWRSDUWLFOHVL]HV,WLVFOHDUO\VHHQIURP)LJ 





)LJ9DULDWLRQRI GDPSLQJZLWK SDUWLFOH VL]H D 0RGHE0RGHF0RGHG )UHTXHQF\9V3DUWLFOH6L]H
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 5HODWLRQVKLSEHWZHHQ 'DPSLQJ5DWLRDQG3DUWLFOH'HQVLW\IRU WKH 3DFNLQJ5DWLRRI
7KHHIIHFWRIGDPSLQJ UDWLRZLWKUHVSHFW WRSDUWLFOHGHQVLW\ IRUYDULRXV FRPELQDWLRQV RISDUWLFOHVL]HV IRU
WKHEHQGLQJPRGHV RI DQG  DUHJLYHQ LQ)LJV  D  )LJ F ,WFDQEHVHHQIURP)LJ  G WKDW WKH




)LJ  9DULDWLRQRI GDPSLQJZLWK SDUWLFOH GHQVLW\ D 0RGHE0RGHF0RGHG )UHTXHQF\9V 3DUWLFOH'HQVLW\
 &RQFOXVLRQ
7ZR GLIIHUHQW $UWLILFLDO QHXUDO QHWZRUN %31 DQG 5%) DSSURDFKHV KDYH EHHQ GHYHORSHG IRU SUHGLFWLQJ WKH
GDPSLQJUDWLR RIDQDOXPLQLXPDOOR\EHDPIURPWKH H[WHQVLYHH[SHULPHQWDOWHVWVFRQVLGHULQJWKH3635DQG3'DV
LQSXWSDUDPHWHUV ,WLVREVHUYHGWKDWWKH 5%)QHXUDOQHWZRUNKDVSUHGLFWHGWKH'5ZLWK 53'LQ FRPSDULVRQ
ZLWK%31QHXUDOQHWZRUNDQGKLGGHQOD\HUQHXURQVZLWK53' 7KLVVWXG\ LQGLFDWHV WKDW WKHQHXUDO
QHWZRUN WHFKQLTXH FDQEH VXFFHVVIXOO\ LPSOHPHQWHG LQ WKH SUHGLFWLRQRI GDPSLQJ UDWLR IRU SDUWLFOH GDPSHUV 7KH
UHODWLRQVKLS EHWZHHQGDPSLQJUDWLRDQGWKHV\VWHPSDUDPHWHUVDUHVWXGLHGDQGDQDO\]HGLQDJUHDWHUGHWDLO%DVHGRQ
WKLV GHVLJQJXLGHOLQHV FDQEHGHULYHG WR JLYH KLJKHUGDPSLQJIRUWKH SULPDU\ V\VWHP
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$FNQRZOHGJHPHQWV
7KHDXWKRUV WKDQN'U 0 $QQDGXUDL 3URJUDPPH'LUHFWRU,56	666 0U'/6KLUROLNDU &(,56	666 0U
010 3DWQDLN +HDG 6WUXFWXUHV *URXS DQG 0U &KLQPD\ .XPDU 5DMKDQV 6\VWHP (QJLQHHU ,652 6DWHOOLWH
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3UHQWLFH+DOOSS
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